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of CXC chemokine genes transcription in salmonids (brown trout), with a particular focus on the fish 
specific CXC chemokines (CXCL_F). Adopting new primer sets, optimised to specifically target mRNA, 
a RT-qPCR gene screening was carried out. Constitutive gene expression was assessed first in six 
tissues from SPF brown trout. Transcription modulation was next investigated in kidney and spleen 
during septicaemic infection induced by a RNA virus (Viral Haemorrhagic Septicaemia virus, 
genotype Ia) or by a Gram negative bacterium (Yersinia ruckeri, ser. O1 / biot. 2). From each target 
organ specific pathogen burden, measured detecting VHSV-glycoprotein or Y. ruckeri 16S rRNA, and 
IFN-ɣ gene expression were analysed for their correlation to chemokine transcription. Both 
pathogens modulated CXC chemokine gene transcript levels, with marked up-regulation seen in 
some cases, and with both temporal and tissue specific effects apparent. For example, Y. ruckeri 
strongly induced chemokine transcription in spleen within 24 h, whilst VHS generally induced the 
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chemokines, in comparison to the other known CXC chemokines in salmonids. 
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Abstract 35 
Chemokine modulation in response to pathogens still needs to be fully characterised in fish, 36 
in view of the recently described novel chemokines present. This paper reports the first 37 
comparative study of CXC chemokine genes transcription in salmonids (brown trout), with a 38 
particular focus on the fish specific CXC chemokines (CXCL_F). Adopting new primer sets, 39 
optimised to specifically target mRNA, a RT-qPCR gene screening was carried out. 40 
Constitutive gene expression was assessed first in six tissues from SPF brown trout. 41 
Transcription modulation was next investigated in kidney and spleen during septicaemic 42 
infection induced by a RNA virus (Viral Haemorrhagic Septicaemia virus, genotype Ia) or by 43 
a Gram negative bacterium (Yersinia ruckeri, ser. O1 / biot. 2). From each target organ 44 
specific pathogen burden, measured detecting VHSV-glycoprotein or Y. ruckeri 16S rRNA, 45 
and IFN-ɣ gene expression were analysed for theirrespectively correlationed to the each 46 
chemokine transcription. Both pathogens modulated CXC chemokine gene transcript levels, 47 
with marked up-regulation seen in some cases, and with both temporal and tissue specific 48 
effects apparent. For example, Y. ruckeri strongly induced chemokine transcription in spleen 49 
within 24 h, whilst VHS generally induced the largest increases at 3 d.p.i. in both tissues. 50 
This study gives clues to the role of the novel CXC chemokines, in comparison to the other 51 
known CXC chemokines in salmonids. 52 
 53 
Abbreviations 54 
VHS, Viral Haemorrhagic Septicaemia; ERM, Enteric Red Mouth disease; IL = interleukin; 55 
SPF, Specific-Pathogen-Free; d.p.i., day(s) post infection; RT-qPCR, Reverse Transcription 56 
quantitative Polymerase Chain Reaction; Cq, quantification cycle. 57 
 58 
1. Introduction 59 
Chemokines, chemoattractant cytokines, are a superfamily of small soluble peptides that 60 
control leucocyteleucocytes migration and activation, under normal and inflammatory 61 
conditions (Alejo and Tafalla, 2011; Laing and Secombes, 2004; Stein and Nombela-Arrieta, 62 
2005). Functional grouping allows a general distinction between homeostatic chemokines, 63 
with a constitutive production that actively drive cells during their phenotypic development, 64 
and inflammatory chemokines, induced to quickly recruit cells to sites of injury, phlogistic 65 
processes and infection (Laing and Secombes, 2004; Moser and Willimann, 2004; Zlotnik 66 
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and Yoshie, 2000). However, most chemokines have a dual role, thus the precise distinction 67 
between homeostatic and inflammatory chemokines is currently considered oversimplistic 68 
and no longer valid (Alejo and Tafalla, 2011; Shachar and Karin, 2013). Structural 69 
classification based on the presence of the first two (of 4) signature cysteine residues and 70 
their proximity to each other distinguishes 5 major chemokine groups: CC, CXC, CX3C, XC, 71 
and CX (present in fish only), where X signifies any amino acid. The CXC and CC 72 
chemokines are the dominant groups, with many inducible by inflammatory stimuli 73 
(Baoprasertkul et al., 2005; Laing and Secombes, 2004; Tafalla et al., 2005). For example, 74 
CXCL8 or interleukin-8 (IL-8) is one of the best studied chemokines, that attracts and 75 
activates neutrophils, and can be highly induced by a range of phlogistic and infective agents 76 
(Hoffmann et al., 2002; Laing et al., 2002b; Tafalla et al., 2005). 77 
 78 
In fish many chemokines have been discovered, aided by the availability of sequenced 79 
genomes, especially for teleosts (Chen et al., 2008; Devries et al., 2006; Nomiyama et al., 80 
2008). For example in zebrafish some 111 chemokine genes are present, with 81 CC, 25 81 
CXC, 4 CX and 1 XC identified. Attempts to find orthologues between fish and mammals 82 
has been difficult, although a few genes appear to be genuine orthologues, as seen with 83 
CXCL12, CXCL13 and CXCL14 (Chen et al., 2013; Nomiyama et al., 2008; Tian et al., 84 
2010). Several CXC subfamilies with homology to CXCL8 exist, and have been termed 85 
CXCL8_L1 to CXCL8_L3 (Chen et al., 2013; van der Aa et al., 2010), with CXCL8_L2 only 86 
found in cyprinids to date (Abdelkhalek et al., 2009; Chen et al., 2013). Molecules similar to 87 
CXCL11 have also been found (CXCL11_L1 and CXCL11_L2), with functional studies 88 
confirming binding to CXCR3 (Torraca et al., 2015). In particular species it is possible to 89 
have multiple isoforms of these molecules, as seen in zebrafish, carp and large yellow croaker 90 
(Mu et al., 2015; Nomiyama et al., 2008; van der Aa et al., 2012). Whilst no other genes with 91 
clear homology to known CXC molecules exist in fish, nevertheless a number of fish specific 92 
CXC chemokines are present and represent an expansion of the CXC lineage in most teleost 93 
fish species (Chen et al., 2013; Kim et al., 2013; Nomiyama et al., 2008; Wiens et al., 2006). 94 
Chen et al. (2013) proposed to call these fish specific CXC molecules CXCL_F, with several 95 
subgroups readily identifiable (e.g. CXCL_F1-CXCL_F5). 96 
 97 
Relatively little is known about the function of the fish CXCL_F molecules. In rainbow trout 98 
CXCL_F1 (previously called CXCd) is constitutively expressed in skin, gills, visceral fat and 99 
posterior kidney, and can be induced in the spleen following vaccination or bacterial 100 
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challenge (Wiens et al., 2006). In rock bream Oplegnathus fasciatus stimulation of PBLs with 101 
LPS and poly I:C increased CXCL_F2 expression, as did bacterial and viral infection in vivo 102 
(Kim et al., 2013). The recombinant (r) rock bream CXCL_F2 was able to induce 103 
proliferation and migration of head kidney (HK) leucocytes. With the recent release of the 104 
Atlantic salmon (Salmo salar) and rainbow trout genomes (Davidson et al., 2010) most 105 
members of the CXC chemokine family and their receptors are now known in salmonids 106 
(Chen et al., 2013; Grimholt et al., 2015). This has brought to light additional CXCL_F genes 107 
in these species, such as CXCL_F4 and CXCL_F5 (Chen et al., 2013) and reported below (in 108 
this paper) CXCL_F2 as well as CXCL11_L2. Analysis of the CXC genes in rainbow trout 109 
by Chen et al. (2013) showed that CXCL_F4 and CXCL_F5 were relatively highly expressed 110 
in HK cells, that they could be induced to some degree by stimulation of HK cells with rIL-111 
1β and rIFN- (and more potently so in trout cell lines), and were induced in HK tissue in a 112 
limited study (two times points, one tissue) of bacterial (aroA
-
 Aeromonas salmonicida) 113 
exposure. Supernatants containing rCXCL_F4 and rCXCL_F5 were found to increase the 114 
relative expression of CD4-1 and MCSFR in the migrated cells (Chen et al., 2013), 115 
suggesting a possible role in trafficking of CD4-1
+
 cells and macrophages. 116 
 117 
The present study builds upon the work of Chen et al. (2013) by undertaking a comparative 118 
analysis of the responses of all the (now) known CXC genes in salmonids to a bacterial and 119 
viral infection. It takes advantage of archived samples reported by Zou et al. (2014) and 120 
Gorgoglione et al. (in press2015), where SPF brown trout were infected with Viral 121 
Haemorrhagic Septicaemia Virus (VHSV), caused by an enveloped RNA virus of the genus 122 
Novirhabdovirus (Fam. Rhabdoviridae), or with Yersinia ruckeri (Fam. Enterobacteriaceae) 123 
a Gram negative bacterium that causes Enteric Red Mouth disease (ERM). Compared to the 124 
closely related and heavily farmed Atlantic salmon and rainbow trout, brown trout are 125 
considered to be equally susceptible but more resistant to both VHS and ERM (Altinok and 126 
Grizzle, 2001; Enzmann et al., 1993; Stone et al., 2008). The CXC chemokine nucleotide 127 
sequences were initially retrieved for brown trout, and then their constitutive expression was 128 
assessed using tissues from healthy fish. Their inducible expression was then studied in 129 
kidney and spleen during the clinical septicaemic course of VHS and ERM, to provide an 130 
overview of the modulation of these CXC genes in vivo. Their correlation with IFN-γ 131 
expression levels was also examined since several of these genes are known to be induced by 132 
IFN-γ (Chen et al., 2013; Laing et al., 2002a). The results suggest a majorstrong involvement 133 
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of fish specific CXC chemokines during the strong immune responses mounted by brown 134 
trout against these diseases. 135 
 136 
2. Materials and Methods 137 
2.1. Experimental infections and sampling procedures 138 
All-female triploid brown trout were hatched and reared under SPF conditions, certified by 139 
introducing disinfected eggs to a recirculation system (CEFAS, Weymouth, England) 140 
supplied with potable water at 16°C from chalk and limestone boreholes. The fish were kept 141 
under a 12-h day light/dark photoperiod (~ 200 lux at water surface) and fed a standard 142 
commercial trout pellet diet (No. 45 Elite Trout Slow Sinking Food, Skretting) at 1% total 143 
body weight/day. When the fish had an average weight of 69.5 g (± 16.4 g) they were 144 
randomly allocated to 30 l tanks, with three replicate tanks for each treatment group. Five 145 
days prior to the viral pathogen challenge the water temperature was gradually reduced to 146 
12°C, to increase fish susceptibility to VHSV (Lorenzen et al., 2009). For the bacterial 147 
challenge the temperature was maintained at 16°C, a temperature considered optimal for 148 
ERM pathogenesis (Haig et al., 2011; Raida et al., 2011). All in vivo experiments were 149 
conducted in accordance with the current UK animal-welfare regulations. 150 
 151 
The viral challenge was carried out as previously described (Gorgoglione et al., 2015; Zou et 152 
al., 2014). Briefly, fish were bath challenged with VHSV-Ia (isolate UK-J167) at 5.56x10
5
 153 
TCID50/ml for 4 h at 12ºC. During the 4 h exposure to the virus, the tank water volume was 154 
halved and flow suspended, but adequate aeration (oxygen saturation > 80%) was provided. 155 
The challenge was stopped by restarting the flow to each tank, with a higher flow used for a 156 
few minutes to change the water. This strain had been shown previously to be highly 157 
pathogenic for rainbow trout (Stone et al., 2008). The VHSV-Ia infected fish showed typical 158 
characteristics of VHS pathogenesis, and histopathology revealed a generalised haemorrhagic 159 
and inflamed condition of many tissues (brain, heart, liver, spleen, pronephros, mesonephros, 160 
muscle, intestine, perivisceral abdominal adipose tissue) (Suppl. Fig. 1). A control group was 161 
mock-exposed, using the same procedure, with an equal amount of sterile transport medium 162 
(Glasgow minimum essential medium, SAFC Biosciences) used to suspend the virus. VHSV 163 
infection levels were assessed by titration on monolayers of Epithelioma papulosum cyprini 164 
(EPC) cells, following standard methodologies (Elsayed et al., 2006; Fijan et al., 1983; Kim 165 
and Faisal, 2010; Pham et al., 2011). 166 
 167 
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The bacterial challenge was carried out as previously described (Gorgoglione et al., 2015) 168 
with Yersinia ruckeri serotype O1 biotype 2, highly pathogenic for rainbow trout and Atlantic 169 
salmon (Haig et al., 2011; Verner-Jeffreys et al., 2011). Isolate UK-06041 (RD6) at 2.7x10
7
 170 
CFU/ml was used for bath challenge, with a 4 h exposure carried out as for the viral 171 
challenge. The Y. ruckeri infected fish showed lethargy, darkening, anorexia and 172 
erythematosus skin lesions, with the typical reddening of the mouth (Furones et al., 1993; 173 
Tobback et al., 2007). Histopathology confirmed the presence of bacteria and typical lesions 174 
in parenchymatous organs (Suppl. Fig. 1).The control group was mock-exposed to the same 175 
conditions, but exposed to an equal amount of Dulbecco’s phosphate buffered saline (Sigma-176 
Aldrich) used to dilute the bacterial suspension. 177 
 178 
Following pathogen or sham exposure, 5 brown trout were sampled at 1, 3, 7 and 14 days 179 
post infection (d.p.i). from each of the triplicate treatment tanks. Kidney and spleen tissue 180 
was collected and stored in RNAlater (Ambion); further tissues (gills, thymus, mid-gut and 181 
liver) were collected from the control fish at 1 day post sham-exposure. 182 
 183 
Kidney and spleen swabs were taken under aseptic conditions and streaked onto Tryptone 184 
Soya Agar (TSA, Oxoid) plates, to check for the growth of any contaminant/secondary 185 
bacteria. Y. ruckeri was confirmed using routine bacteriology screening tests and a 186 
commercial monoclonal antibody agglutination test (Mono-Yr, Bionor, Norway). Specific 187 
pathogen burden (either viral or bacterial) was also assessed in each tissue sample by RT-188 
qPCR (Table 1). 189 
 190 
Tissue sections, including brain, heart, liver, spleen, kidney (pronephros and mesonephros), 191 
muscle and intestine were fixed for a minimum of 24 h in neutral buffered formalin and 192 
processed for histology. Sections (5 m) were cut and stained with haematoxylin and eosin 193 
(H&E), and examined by light microscopy on a Nikon Eclipse E800. 194 
 195 
2.2. Extraction of total RNA and cDNA synthesis 196 
Tissue homogenization was achieved using two 3 mm diameter Tungsten Carbide Beads 197 
(Qiagen), for 3 min at 30 Hz, in a bench mixer TissueLyser II (Qiagen). Total RNA was 198 
extracted using TRI-reagent (Sigma-Aldrich), without any DNase treatment, with the pellet 199 
dissolved in TE buffer (pH 8.0), as described previously (Gorgoglione et al., 2015; Zou et al., 200 
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2014). RNA purity and concentration were determined by micro-spectrophotometry 201 
(NanoDrop ND-1000, Thermo Scientific) and RNA samples stored at -80°C until use. 5 µg of 202 
total RNA was mixed with Oligo-dT28VN (Sigma-Aldrich) primers and reverse transcribed 203 
into cDNA using RevertAid™ Reverse Transcriptase (Fermentas), following the 204 
manufacturer’s instructions, and stored at -20°C. 205 
 206 
2.3. Real-time quantitative PCR (RT-qPCR) 207 
RT-qPCR was performed using Immolase (Bioline) and SYBR Green ﬂuorescent tag 208 
(Invitrogen) with a LightCycler
®
 480 Real-Time PCR System (Roche), as described 209 
previously (Gorgoglione et al., 2015; Zou et al., 2014). General cycling conditions were set 210 
to: 10 min at 95°C, for hot start enzyme activation and nucleic acid denaturation; 45 cycles 211 
for denaturation (94°C, 30 sec), annealing (62°C (Ta), 30 sec) and elongation (72°C, 20 sec 212 
(Te)); 1 min for melting temperature (Tm) recording at 84°C. For each primer pair Ta, Te, 213 
and Tm were specifically optimised (Table 1). Specific RT-qPCR amplification efficiency 214 
was established by means of a calibration curve, with 10-fold serial dilutions in TE buffer of 215 
a 1 nM solution of purified amplicon, with efficiency calculated using LightCycler
®
 Software 216 
(Roche). Two purified amplicon dilutions and a negative control were included in each assay 217 
as internal references to enable the relative quantification. The Limit of Detection (LOD) was 218 
identified by melting curve profile analysis, generally corresponding to > 38 cycles. 219 
 220 
For pathogen burden assessment by RT-qPCR, all individual cDNA samples were screened 221 
to confirm the presence and assess the burden of VHSV-Ia, by targeting the transmembrane 222 
glycoprotein (G) gene (F/R-1028)(Cutrín et al., 2009) (Table 1), as described previously 223 
(Gorgoglione et al., 2015; Zou et al., 2014). Individual bacterial burden was assessed by 224 
targeting the Y. ruckeri 16S rRNA, with primers described previously (Gibello et al., 1999). 225 
 226 
Chemokine transcript level was obtained using 6-7 brown trout from each treatment group at 227 
each time point post infection challenge. Relative transcript levels were extrapolated from the 228 
molar concentration of two internal references, using LightCycler
®
 software (Roche). RT-229 
qPCR assays were run with technical replicates, with SD < 0.50 Cq assessing good sensitivity 230 
and intra-assay variance, and group means obtained from biological replicates. For each host 231 
and pathogen gene analysed, a fold change between different experimental/infection groups 232 
was calculated by comparison of the gene expression level (normalised to the reference gene 233 
Salmo trutta EF-1α) between the infected group and the unexposed control group at each 234 
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time point. The control average Delta Cq values are given in Suppl. Table 1. Pathogen burden 235 
was assessed from in each the same kidney orand spleen cDNA sample used for gene 236 
expression analysis. This allowed tissue specific infection patterns to be analysed and in 237 
addition allowed correlation of the pathogen burden with CXC chemokine gene expression 238 
(Table 2). Genes analysed for pathogen burden assessment were also normalised to the 239 
expression of thea host reference gene, S. trutta EF-1α (Wang et al., 2011), and fold change 240 
similarly calculated. 241 
 242 
2.4. Primer optimization and confirmation of specificity 243 
Available salmonid CXC chemokine nucleotide sequences were retrieved from NCBI 244 
database (www.ncbi.nlm.nih.gov/) and multiple sequence alignments performed with Clustal 245 
Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/). Exon-skipping primers were specifically 246 
designed for RT-qPCR using Primer3Plus (www.bioinformatics.nl/primer3plus/) and 247 
analysed for hairpin structures, self and hetero-dimers with OligoCalc 248 
(www.basic.northwestern.edu/biotools/OligoCalc.html). Genomic DNA amplification was 249 
excluded by including at least one primer crossing an intron-exon boundary, and 250 
conventional PCR tests were carried out using brown and rainbow trout genomic DNA as 251 
template to verify that no amplification occurred. Amplicons were purified using Purelink 252 
PCR Purification Kit (Invitrogen), following the manufacturer’s instructions, and sequenced 253 
by Eurofins MWG Operon's sequencing service (Ebersberg Laboratories, Germany). 254 
Amplicon specificity was assured by sequencing and further BLAST search. A phylogenetic 255 
tree was constructed using partial sequences retrieved, with the Neighbour-Joining method in 256 
Molecular Evolutionary Genetics Analysis (MEGA) software version 5.05 257 
(www.megasoftware.net/), to evaluate and confirm the relationship of the brown trout CXC 258 
chemokine sequences to their orthologues from Atlantic salmon and rainbow trout. 259 
 260 
2.5. Statistical analysis 261 
The significance of the average fold change between uninfected and infected groups was 262 
analysed by one-way analysis of variance (ANOVA) and the LSD post hoc test for 263 
comparison of group means. Normalised individual fold change values were anchored to the 264 
lowest value recorded in each data set and then Log2 transformed, as described previously 265 
(Wang et al., 2011). Differences were considered statistically significant when p < 0.05. 266 
 267 
CXC chemokine modulation in infected brown trout 
9 
Parametric correlation analysis was carried out to establish the degree of correlation between 268 
specific pathogen burden and host chemokine gene expression (Gorgoglione et al., 2013), or 269 
between the expression of host chemokine genes relative to IFN-γ, measured as described 270 
previously (Zou et al., 2014)). The Pearson product-moment correlation coefficient r was 271 
considered significant at p < 0.05 (2-tailed). A General Linear Model (GLM) was carried out 272 
for analysis of the covariance assessing the significance of the factorial interaction between 273 
individual gene expression and individual pathogen burden in relation to d.p.i. [Time], which 274 
was used as the covariate. The interaction was considered significant when p < 0.05. All 275 
statistical analyses were performed using SPSS
®
 Statistics package version 20.0 (IBM 276 
Corporation) and graphically presented using GraphPad Prism version 6 (GraphPad Software 277 
Inc.). 278 
 279 
3. Results 280 
3.1. Brown trout CXC chemokine genes sequence analysis 281 
The specificity of the RT-qPCR amplification of brown trout chemokine gene transcripts was 282 
assessed by melting curve analysis and gel electrophoresis. Brown trout CXC chemokine 283 
mRNA transcripts were sequenced and made available in the GenBank database, accession 284 
numbers provided in Table 1. A phylogenetic tree evaluated and confirmed the evolutionary 285 
relationship of the novel brown trout CXC chemokines with their known orthologues from 286 
Atlantic salmon and rainbow trout (Fig. 1), where clades were supported by high bootstrap 287 
values (93-99%). However, regarding CXCL_F1 and CXCL12, highly similar multiple 288 
isoforms are known in rainbow trout (Chen et al., 2013) making it difficult to be sure of the 289 
exact homologue present in brown trout. Brown trout CXCL_F1 showed a closer 290 
phylogenetic relationship with Atlantic salmon CXCL_F1c than the other two CXCL_F1 291 
members (CXCL_F1a and CXCL_F1b). 292 
 293 
3.2. CXC chemokine constitutive expression  294 
The constitutive expression of brown trout CXC chemokines in homeostatic conditions was 295 
analysed using brown trout tissues (gills, thymus, mid-gut, spleen, liver and kidney) obtained 296 
from 6 SPF fish. In thymus and gills, the CXCL_F1 and CXCL_F5 genes were highly 297 
expressed at comparable levels (Fig. 2.A). CXCL_F2 typically had the lowest expression in 298 
all examined tissues. CXCL11_L1 and CXCL11_L2 showed divergent expression levels in 299 
gills, gut and liver, with a higher expression of the CXCL11_L1 isoform (Fig. 2.B). The 300 
lowest baseline threshold between all genes screened was recorded in gut for CXCL11_L2, 301 
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with an average cCq of 32.7. Similar transcript levels of these two isoforms were seen in 302 
thymus, spleen and kidney, although CXCL11_L1 was always higher. CXCL12 and CXCL14 303 
showed a relatively high expression in the majority of the tissues studied. CXCL12 304 
transcripts were at particularly high levels in gills, spleen and kidney. CXCL14 gene was 305 
most highly expressed in the gills and thymus. 306 
 307 
3.3. Pathogen detection following experimental challenge 308 
VHSV-Ia infection in SPF brown trout gave sporadic mortalities, with the first recorded at 8 309 
d.p.i., and with a total of 4.9% seen after 14 d.p.i.. Viral titration on the EPC cell line 310 
confirmed VHSV-Ia from internal organ pools (brain, heart, kidney and spleen) of exposed 311 
fish; all sham-exposed fish gave no CPE. At 1 d.p.i. prevalence was 6.7%, and increased to 312 
41.7% at 3 d.p.i. and 61.5% at day 14. Although low levels of CPE were found with the day 1 313 
samples (from 0 to 3.78 x10
2
 TCID50/g), high viral titres were recorded at 7 d.p.i. (up to 314 
2.58x10
7
 TCID50/g), but characterized by a large individual variability. The highest titration 315 
value was recorded from a dead fish at 9 d.p.i. (7.41x10
7
 TCID50/g). The spread of viral 316 
septicaemia was also studied by RT-qPCR of the G-protein expression level in kidney and 317 
spleen tissues. The highest burden was seen at 3 d.p.i., with viral burden gradually decreasing 318 
thereafter (Gorgoglione et al., 2015). Correlation analysis showed a significant relationship 319 
between VHSV burden using the titration method and the molecular approach, although the 320 
latter was on average 40% more sensitive for viral detection, especially during the early 321 
stages of infection. A similar degree of correlation was found when comparing both detection 322 
methods in kidney and spleen, however in spleen a higher r was recorded (r = 0.662 in spleen 323 
vs. r = 0.526 in kidney). Cross-correlation of the viral burden in kidney and spleen showed an 324 
almost perfectly linear relationship (r = 0.927). 325 
 326 
ERM infection of SPF brown trout also gave relatively low mortality. The first was recorded 327 
at 6 d.p.i., and a cumulative mortality of 12.1% was reached by 14 d.p.i.. Y. ruckeri was 328 
confirmed present from spleen homogenates and kidney swabs. All sham-exposed fish gave 329 
no CFU. By 1 d.p.i. high CFU levels were already recorded, up to 1.82x10
3
 CFU/spleen, 330 
increasing to 6.95x10
4
 CFU/spleen at day 3. Agglutination tests identified Y. ruckeri from 331 
colonies grown from kidney swabs. The spread of bacterial septicaemia was also assessed by 332 
RT-qPCR of the Y. ruckeri 16S rRNA from kidney and spleen tissues. This showed a 333 
comparable bacterial burden in kidney and spleen at 1 d.p.i., that gradually increased to a 334 
peak burden at 7 d.p.i. but then decreased markedly by 14 d.p.i. (Gorgoglione et al., 2015). 335 
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Cross-correlation analyses of the bacterial burden assessed for each organ showed a high 336 
degree of significance, with r = 0.862. 337 
 338 
Importantly, following challenge with VHSV and Y. ruckeri no other concomitant infections 339 
were detected during the viral and bacteriological screening. Furthermore, fish from the 340 
mock-challenged groups had no mortalities or disease symptoms during the experiment. 341 
 342 
3.4. Pathology assessment 343 
The VHSV-Ia infected fish showed typical characteristics of VHS pathogenesis, including 344 
skin darkening, ascites and petechial haemorrhages. The histopathology revealed a 345 
generalised haemorrhagic and inflamed condition of many tissues (brain, heart, liver, spleen, 346 
pronephros, mesonephros, muscle, intestine, perivisceral abdominal adipose tissue), with 347 
parenchymatous organs the most affected (Suppl. Fig. 1). The kidney mesonephros also 348 
showed diffuse haemato-lymphopoietic tissue necrosis, with cellular depletion apparent 349 
(Suppl. Fig. 1.A).  350 
In the case of the Y. ruckeri infected fish, lethargy, darkening, anorexia and erythematosus 351 
skin lesions were all observed. However, tThe typical reddening of the mouth commonly 352 
described in rainbow trout during ERM was only sporadically observed, as previously 353 
reported (Furones et al., 1993; Tobback et al., 2007). At necropsy the general clinical 354 
appearance of bacterial haemorrhagic septicaemia was commonly observed in all tissues. 355 
Histopathology confirmed the presence of bacteria and typical lesions, with diffuse 356 
haemorrhaging patterns in parenchymatous organs, specifically including kidney and spleen 357 
(Suppl. Fig. 1.C and D). 358 
 359 
3.5.3.4. Multivariate analysis of CXC chemokine expression during septicaemic 360 
infections 361 
Fish specific CXC chemokine gene transcript levels were all significantly correlated to viral 362 
burden in both kidney and spleen, suggesting their strong involvement in response to this 363 
septicaemic infection in brown trout (Table 2). The strength of the interaction between viral 364 
burden and time after infection with host gene expression, using a multivariate analysis 365 
approach, provided further significant results for CXCL_F1, _F2 and _F4. Whilst CXCL_F5 366 
was significantly correlated to pathogen burden, it showed no significant interaction. 367 
CXCL8_L1 and CXCL11 isoforms were strongly correlated to viral burden in kidney and 368 
spleen, with significant interactions seen for viral burden and time after infection. CXCL12 369 
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and CXCL13 gave a weaker correlation to viral burden in kidney, and CXCL14 had a 370 
negative correlation with viral burden in the spleen (Table 2). 371 
 372 
The correlation to bacterial burden during ERM showed a more specific pattern of significant 373 
multifactorial interactions. Bacterial burden in relation to time was correlated with fish 374 
specific chemokine expression, at least in spleen, for CXCL_F1, _F2 and _F4 (Table 2). 375 
CXCL_F4 and _F5 were strongly correlated to bacterial burden in both kidney and spleen. 376 
Interestingly CXCL_F1 and _F2 transcript levels did not correlate with Y. ruckeri burden, 377 
indicating a specific time dependant, and possibly pathology-dependent, modulation of their 378 
expression (Table 2). As seen during the viral infection, CXCL8_L1 and CXCL11 isoforms 379 
were strongly correlated to bacterial burden in kidney and spleen. However, covariance 380 
analysis found a selective gene transcription modulation in the spleen. In the case of 381 
CXCL12-CXCL14, CXCL12 expression did not correlate to ERM at any level, whilst 382 
CXCL13 expression was strongly correlated to bacterial burden in both kidney and spleen but 383 
the covariance analysis was only significant for spleen. Lastly, CXCL14 expression had only 384 
a weak correlation to bacterial burden and time post-infection (Table 2). 385 
 386 
3.6.3.5. Comparative modulation of fish specific chemokines during septicaemic 387 
infections 388 
CXCL_F1 showed a delayed induction during VHS (Fig. 3.A), but was clearly elevated by 7 389 
d.p.i. and higher at 14 d.p.i. in both kidney and spleen (104- and 32-fold increase, 390 
respectively). However, only a moderate (6.5-fold) increase was seen in kidney at day 14 post 391 
bacterial infection (Fig. 3.B). CXCL_F2 transcription was induced during VHS, by 1 d.p.i. in 392 
spleen and followed by a stronger induction in kidney at day 3, with a late selective induction 393 
in kidney at 14 d.p.i.. ERM induced a more contained CXCL_F2 up-regulation in kidney at 394 
14 d.p.i., showing instead a selective earlier induction in spleen (Fig. 3.C and D). The 395 
CXCL_F4 gene was strongly modulated by both VHS and ERM, with a sustained expression 396 
over the 14 days of the study. However, in both cases the spleen responded faster, peaking 397 
with an 82-fold-increase at 1 d.p.i. with ERM, with selective induction still apparent at 3 398 
d.p.i. (Fig. 3.F). The highest transcriptional increases were seen with VHS at day 3, with 110- 399 
and 227-fold increases in kidney and spleen, respectively (Fig. 3.E). During both septicaemic 400 
infections, the expression pattern of CXCL_F5 was comparable to that of CXCL_F4 but 401 
generally the increases were of a lower magnitude (Fig. 3.G and H). 402 
 403 
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3.7.3.6. Comparative modulation of CXCL8 and CXCL11 related chemokines 404 
during septicaemic infections 405 
CXCL8_L1 transcription was strongly induced during VHS, with a sustained and significant 406 
modulation starting from a peak at 3 d.p.i. in both kidney and spleen (maximal up-regulation 407 
of 107 fold in spleen) that gradually decreased to day 14 (Fig. 4.A). ERM induced an earlier 408 
up-regulation of CXCL8_L1 expression, which was apparent by 1 d.p.i. and was much higher 409 
in the spleen. Maximal increases in expression were seen in both organs at 7 d.p.i. during 410 
ERM (47- and 165.5-fold increase in kidney and spleen, respectively) (Fig. 4.B). The 411 
CXCL11 isoform transcript levels were modulated in a similar manner to CXCL8_L1 during 412 
VHS (Fig. 4.C and E) but a much higher fold increase was seen for CXCL11_L1 (a 1,615-413 
fold increase in kidney and 468-fold increase in spleen at 3 d.p.i.) (Fig. 4.C). Comparable 414 
patterns between CXCL11 isoforms were also detected during ERM, with induction of both 415 
genes apparent at 1 d.p.i., with higher levels in spleen at 1 and 3 d.p.i. (Fig. 4.D and F). 416 
 417 
3.8.3.7. Comparative modulation of “homeostatic” CXC chemokines during 418 
septicaemic infections 419 
The last group of CXC chemokines analysed for their expression during VHS and ERM 420 
included molecules considered to be CXC chemokines with a homeostatic function in 421 
mammals (Baoprasertkul et al., 2005; Laing and Secombes, 2004). CXCL12 had high 422 
constitutive levels but nevertheless was selectively up-regulated in kidney during VHS, 423 
although only minor changes were seen during ERM (Fig. 5.A and B). CXCL13 was strongly 424 
modulated by ERM, with a fast up-regulation apparent (e.g. by 1 d.p.i.). At later time points, 425 
CXCL13 expression declined faster in kidney compared to spleen (Fig. 5.D). Lastly, 426 
CXCL14 showed only weak modulation in general, apart from a 16-fold increase at 14 d.p.i. 427 
in kidney during ERM (Fig. 5.F). However, this might be influenced by the relatively high 428 
individual variance seen for the CXCL14 gene, which complicated the study of its 429 
expression. 430 
 431 
3.9.3.8. Correlation analysis of known CXC chemokines to interferon-γ during 432 
septicaemic infections 433 
Rainbow trout CXCL11_L1 (γIP) has previously been shown to be induced by IFN-γ (Zou et 434 
al., 2005), as has rainbow trout CXCL_F4 and CXCL_F5 but not CXCL_F1 (Chen et al., 435 
2013). Since IFN-γ is known to be induced by these infections (Campbell et al., 2011; Cuesta 436 
and Tafalla, 2009; Martin et al., 2007; Raida and Buchmann, 2008; Zou et al., 2014), we 437 
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studied whether there was a correlation between the individual CXC chemokine and IFN-γ 438 
expression levels in S. trutta during VHS and ERM (Figs. 6 and 7). Unexpectedly, tThe 439 
transcription of CXCL8_L1 was found to be very strongly correlated to IFN-γ expression in 440 
kidney and spleen, showing the highest correlation during VHS (Figs. 6.E and 7E). This is in 441 
contrast to the relatively modest (~ 4-fold) increase seen in vitro by rIFN-γ stimulation on 442 
CXCL8_L1 expression (Chen et al., 2013). CXCL11 isoforms transcription was also strongly 443 
correlated to the expression of IFN-γ, in both organs and for both diseases (Fig. 6.F/G and 444 
7.F/G). CXCL11_L1 showed the highest correlation to IFN-γ expression, with an r = 0.955 in 445 
kidney during VHS (Fig. 6.F). In the case of the CXCL_F isoforms, strongest correlations 446 
were seen with CXCL_F4 and CXCL_F5 as expected (Fig. 6.A-D and Fig. 7.A-D), that were 447 
higher for the kidney vs. spleen and for VHS vs. ERM. However, with CXCL_F1 and 448 
CXCL_F2 much weaker associations were found, with CXCL_F1 in spleen during ERM 449 
being non-significant. Similarly wWith CXCL12-14, only weak associations were seen, 450 
significantly so for CXCL12 and CXCL13 in kidney with VHS, and for CXCL13 and 451 
CXCL14 in kidney and spleen in ERM. Curiously a negative association was seen for 452 
CXCL14 in spleen during VHS, as also seen against the viral or bacterial burden for this 453 
gene/tissue.  454 
 455 
4. Discussion 456 
 457 
In this study all known salmonid CXC chemokine nucleotide sequences were retrieved for 458 
brown trout (Salmo trutta) and their expression (constitutive and inducible) assessed in 459 
several organs in healthy fish and during viral (VHS) and bacterial (ERM) disease 460 
statespathogenesis, to allow a comprehensive comparative analysis for the first time. The 461 
results showed that experimental viral and bacterial infection modulated CXC chemokine 462 
transcription, however some different expression profiles and tissue patterns were found, with 463 
some general patterns of up-regulation found during disease pathogenesis. Whether these 464 
changes related to local increases in gene expression or an influx of leucocytes into these 465 
tissues during infection remains to be determined. Correlation analysis was useful in 466 
assessing the relationship between the expression of each CXC chemokine and the respective 467 
pathogen burden, while covariance analysis allowed study of the influence of time and single 468 
gene expression. The previously characterised CXCL8_L1 (also known as IL-8) and 469 
CXCL11_L1 (formerly γIP) were used as markers and as positive controls, as they were 470 
expected to be positively modulated during an efficient immune response against VHS and 471 
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ERM. Their expression has already been shown to increase during infections and in 472 
vaccinated fish with respect to these two diseases (Castro et al., 2014a,b; Harun et al., 2011; 473 
Jimenez et al., 2006; Montero et al., 2011; Tafalla et al., 2005), and following Vibrio 474 
parahaemolyticus infection in large yellow croaker (Larimichthys crocea) (Li and Yao, 2013) 475 
and V. anguillarum infection in Atlantic cod (Seppola et al., 2008). CXCL8_L1 was 476 
confirmed here to be strongly modulated by both VHS and ERM. Regarding CXCL11 477 
isoforms, the recently discovered CXCL11_L2 isoform (Chen et al., 2013) was modulated in 478 
a very comparable way to CXCL11_L1, but with a more contained stimulation. The high up-479 
regulation of CXCL11_L1 suggests it has a key role during such immune responses, likely 480 
related to its known function in mammals of attracting activated and memory T cells. Indeed 481 
Chen et al. (2013) have shown that supernatants from CXCL11_L1 transfected cells 482 
increased the relative proportion of CD4-1 expressing cells in leucocyte migration studies 483 
(JUN – OKAY?). Correlation and co-variance analyses were concordant with the expression 484 
results in relation to pathogen burden and pathogenesis, with CXCL11_L2 showing a more 485 
minor involvement in response to Y. ruckeri. γIP is known from in vitro studies to be up-486 
regulated following stimulation with rIFN-γ or poly I:C, but is not induced by LPS 487 
stimulation (Laing et al., 2002a; Zou et al., 2005). Following VHS infection, but not IPN 488 
infection, this molecule is one of the most strongly modulated chemokines (Chaves-Pozo et 489 
al., 2010; Montero et al., 2009). In addition, CXCL8 has been found to be induced by poly 490 
I:C injection and cell stimulation in Atlantic cod and in large yellow croaker (Li and Yao, 491 
2013; Seppola et al., 2008). Here brown trout CXCL8_L1, CXCL11_L1 and CXCL11_L2 492 
were also found to be strongly correlated to expression of IFN-γ during the course of VHS 493 
but to a lower degree during ERM, in both kidney and spleen. 494 
 495 
The constitutive expression of fish specific CXCL_Fs showed comparable patterns to those 496 
found in rainbow trout (Chen et al., 2013). CXCL_F4 and CXCL_F5 were the highest 497 
expressed in brown trout kidney and spleen. These molecules were previously shown to 498 
bealso strongly induced in vivo in rainbow trout upon A. salmonicida infection and in vitro 499 
following stimulation of rainbow trout cell lines (the RTG-2 and RTS-11) with rIL-1β, rIFN2 500 
and rIFN-γ (Chen et al., 2013). In agreement with these initial results, in the present study the 501 
fish-specific CXC chemokine genes were also found to be strongly modulated by the diseases 502 
studied. CXCL_F1 showed a delayed induction during VHSV-Ia infection in kidney and 503 
spleen, which was even more delayed in the case of ERM. CXCL_F1, was previously found 504 
to be induced during both Y. ruckeri vaccination and infection challenges, but not after a high 505 
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dose injection of the rhabdovirus IHNV (Wiens et al., 2006). CXCL_F2 has only been 506 
identified recently by phylogenetic analysis (Chen et al., 2013) and no information is 507 
available on its expression. In this study, we found brown trout CXCL_F2it had lower 508 
constitutive expression when compared to other fish-specific CXC chemokines and to 509 
CXCL8_L1, and a significant expression modulation during the early stages of both VHS and 510 
ERM pathogenesis. A delayed secondary peak was seen in the kidney after 2 weeks for both 511 
diseases. Furthermore, CXCL_F2its expression was strongly correlated to both pathogen 512 
burden (in both tissues studied) and the onset of pathogenesis. CXCL_F4 and CXCL_F5 513 
showed strong and spleen specific up-regulation after 24 h p.i., as seen previously and in 514 
agreement with the strong induction seen in RTS-11cells (Chen et al., 2013). Later during the 515 
disease course they were strongly induced in both tissues with comparable kinetics. 516 
CXCL_F4 and CXCL_F5 also had a good correlation to IFN-γ expression, especially during 517 
VHS, although a degree of correlation was also seen with CXCL_F1 (except in the spleen 518 
during ERM) and CXCL_F2. 519 
 520 
Fish CXCL12, CXCL13 and CXCL14 have been previously assumed to act with homeostatic 521 
function, playing roles during larval and tissue development, by analogy with their roles in 522 
mammals (Alejo and Tafalla, 2011; Baoprasertkul et al., 2004; Nomiyama et al., 2008). 523 
CXCL14 was the first chemokine described in zebrafish, named “Scyba”, detectable already 524 
during the early stages of embryonic development (Long et al., 2000). Comparing their 525 
constitutive expression to that of the only previous study carried out on rainbow trout tissues 526 
(Chen et al., 2013), SPF brown trout had some higher levels of expression (CXCL12 and 527 
CXCL14 had high constitutive expression in gills and thymus). During VHSV-Ia infection 528 
CXCL12 was induced in kidney (correlated to IFN-γ expression level) but had more minor 529 
changes during ERM, while CXCL14 showed some inconsistent patterns due to high 530 
individual variation found for this gene. Although the pattern observed during VHS in brown 531 
trout is consistent with indications of a down-regulation of CXCL14 in liver of rainbow trout 532 
during the early stages of VHS (Castro et al., 2014a).  CXCL13, in contrast was strongly 533 
induced by ERM and this was correlated to a moderate degree with IFN-γ expression in both 534 
tissues. These results are somewhat different to those seen in rainbow trout infected with A. 535 
salmonicida, but at least in the case of CXCL13 they agree with the induction seen in RTS-11 536 
cells following stimulation with rIL-1β and rIFN-γ (Chen et al., 2013). Interestingly, human 537 
CXCL13 (BCA-1), has been found to increase in rheumatoid arthritis and in several other 538 
chronic inflammatory diseases, possibly contributing to the switch from an acute to a chronic 539 
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state by amplifying antigen-specific responses (Loetscher and Moser, 2002; Moser and 540 
Willimann, 2004), despite its primarily homeostatic function. 541 
 542 
5. Conclusions 543 
Overall, these results on the newly characterised chemokines confirm they are modulated in 544 
VHS and ERM, adding to the known involvement of CXCL8 and CXCL11. CXC chemokine 545 
genes transcription was examined in parallel to pathogen load and correlated to IFN-γ 546 
expression. A tissue or disease specific pattern was seen for CXCL_F1, CXCL_F2, CXCL12, 547 
CXCL13 and CXCL14, with CXCL13 strongly modulated during ERM alone. These results 548 
lead to a better understanding of the involvement of the novel CXC chemokines during the 549 
piscine immune response, suggesting they may have a role as pro-inflammatory agents and in 550 
fighting heterologous etiological agents. The strong involvement of fish specific CXC 551 
chemokines during the (effective?) immune responses mounted by brown trout against 552 
VHSV-Ia, as well as some induction during ERM, add these molecules to the list of cytokines 553 
to be studied functionally as recombinant proteins in fish to confirm their bioactivity. 554 
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Tables: 748 
 749 
 750 
Table 1. Oligonucleotides used for RT-qPCR assays. Specific amplification conditions and 751 
the kidney and spleen average base-line Cq from all control fish (cCq) (averaged from 24 752 
control group trout). 753 
 754 
 755 
Table 2. CXC chemokine gene transcription correlated to the viral and bacterial burden 756 
and influence of time. Pearson product-moment correlation coefficients (r), with their 757 
relative p values (2-tailed) are given for correlation analysis carried out between individual 758 
gene expression and individual pathogen burden. Significant correlations are shown in bold. 759 
*p < 0.05; **p < 0.01 (2-tailed). Time*pathogen burden = p value based on Fisher's F-760 
distribution using GLM analysis (ANCOVA) on the gene expression data to assess the 761 
significance of the interaction between days post infection with the effect of individual 762 
pathogen burden as covariate. N=50 fish for each infection, including their uninfected 763 
controls. 764 
 765 
Figure captions: 766 
 767 
Table 1.
CXCL_F1 HF947306 TGCTGCATCTCCCTCCTCGT TGTTTACTCTCCTGCATTCTTTTG 148 63 20 84 27.12 25.51
CXCL_F2 HG000285 CAGGCTGGAGTTCATTGTTAG GGAGAGGACTTCTTCATCAGGCGAGTG 108 62 20 82 25.79 23.91
CXCL_F4  HF947308 TGCACACTCAGGAAACCATTG TGCACACTCAGGAAACCATTG 171 62 20 83 22.45 21.37
CXCL_F5 HF947309 CCACTTTACTGCCTACTGCTTACA ATCCAATCCGCTGGTTTTCTTC 255 62 20 86 24.27 22.33
CXCL8_L1 HF947310 TCCTGACCATTACTGAGGGGATGA AGCGCTGACATCCAGACAAATCTC 200 62 20 82 26.73 25.94
CXCL11_L1 HF947311 GGCCAAGTGGGTCATTCTAA TGCACACTCCTTTGGTTTTTC 221 64 20 82 25.70 24.69
CXCL11_L2 HF947312 TTTGCTCAATTCCCTGGTGG CTTTTGGCTTCTGTTGCTCCTC 238 64 20 87 27.58 26.91
CXCL12 HF947313 CCTCTACGGCTAAGCCCATCA CGTCTTCTGGACTTCTTCACCTTG 232 63 20 86 21.76 22.08
CXCL13 HF947314 CTGCTCTTCACGCGTTTCCTAT TGCACTTGCCTTGTTCCTTTG 246 61 20 85 27.97 26.53
CXCL14 HF947307 CCTCCAAGCAGAAGCCTACA CCTCCAAGCAGAAGCCTACA 246 65 18 85 28.03 25.89
EF-1α HF563594 CAAGGATATCCGTCGTGGCA ACAGCGAAACGACCAAGAGG 327 63 30 88 11.70 11.24
Type 2 IFN-γ HF563591 ACTGAAAGTCCACTATAAGATCTC TGGAACTTAAGGGCCAGTTTG 366 58 25 87 31.86 29.84
VHSV-Gp JN180851 CTCATTTCTCCTCTCAAAGTTTCG CCGTCTGTGTTGTTGTCTACC 192 60 18 86 Neg Neg
Y. ruckeri  16S rRNA EU401667 GCGAGGAGGAAGGGTTAAGTG GAAGGCACCAAGGCATCTCT 589 63 30 87 Neg Neg
Gene
GenBank S. 
trutta 
Accession 
number
Forward primer (5’ to 3’) Reverse primer (5’ to 3’)
Amplicon 
size (bp)
Kidney 
Average 
cCq
Spleen 
Average 
cCqTa  (ºC) Te (sec) Mt (ºC)
RT-qPCR conditions
Table 2.
Kidney Spleen Kidney Spleen Kidney Spleen Kidney Spleen
CXCL_F1 .455** .422** .000 .000 .260 .065 .060 .009
CXCL_F2 .533** .293* .024 .001 .060 .329* .055 .000
CXCL_F4 .863** .836** .005 .031 .802** .754** .056 .000
CXCL_F5 .692** .709** .062 .372 .535** .634** .100 .061
CXCL8_L1 .809** .713** .002 .004 .810** .788** .235 .011
CXCL11_L1 .834** .832** .000 .000 .669** .606** .218 .000
CXCL11_L2 .843** .822** .010 .003 .718** .669** .399 .000
CXCL12 .400** -.261 .775 .564 .232 .209 .407 .632
CXCL13 .393** -.003 .402 .000 .657** .558** .130 .001
CXCL14 .122 -.317* .256 .000 .336* -.367** .015 .660
Correlations Analysis
Gene Vs Viral burden 
(Pearson's r )
Time*Viral burden              
(p value)
Gene Vs Bacterial burden  
(Pearson's r )
Time*Bacterial burden     
(p value)
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Fig. 1. Phylogenetic tree of salmonid CXC chemokines. The tree was constructed using the 768 
Neighbour-Joining method within the Mega programme, using the available length of each 769 
CXC chemokine protein sequence. Terminology previously used to denote these genes is 770 
provided. satr = brown trout Salmo trutta; sasa = Atlantic salmon Salmo salar; onmy = 771 
rainbow trout Oncorhynchus mykiss. 772 
 773 
Fig. 2. Comparative expression profiles of CXC transcripts in tissues from SPF brown 774 
trout. (A) Fish specific CXC chemokines: CXCL_F1; CXCL_F2; CXCL_F4; CXCL_F5. (B) 775 
Other CXC chemokines CXCL8_L1; CXCL11_L1; CXCL11_L2; CXCL12; CXCL13: 776 
CXCL14. Transcript levels were calculated using a standard curve specifically obtained for 777 
each primer pair. RT-qPCR detected transcript levels were normalised to the expression of a 778 
reference gene, S. trutta EF-1α, and presented as group means (+ SEM). N=6 fish. 779 
 780 
Fig. 3. Comparative expression profiles of CXC fish specific chemokines in brown trout. 781 
Kidney and spleen were screened after 1, 3, 7 and 14 days post experimental viral (VHSV) or 782 
bacterial (Yersinia ruckeri) infections: (A & B) CXCL_F1; (C & D) CXCL_F2; (E & F) 783 
CXCL_F4; (G & H) CXCL_F5. RT-qPCR detected transcript levels were normalised to the 784 
expression of a reference gene, S. trutta EF-1α, and presented as group means (+ SEM). The 785 
p-value of a LSD post hoc test between the infected group and the corresponding control (not 786 
shown in the graph) is shown above the bars as: *p < 0.05; **p < 0.01. N=6-7 fish per group 787 
at each sampling time. 788 
 789 
Fig. 4. Comparative expression profiles of CXC chemokines in brown trout. Kidney and 790 
spleen were screened after 1, 3, 7 and 14 days post experimental viral (VHSV) or bacterial 791 
(Yersinia ruckeri) infections: (A & B) CXCL8_L1; (C & D) CXCL11_L1; (E & F) 792 
CXCL11_L2. RT-qPCR detected transcript levels were normalised to the expression of a 793 
reference gene, S. trutta EF-1α, and presented as group means (+ SEM). The p-value of a 794 
LSD post hoc test between the infected group and the corresponding control (not shown in 795 
the graph) is shown above the bars as: *p < 0.05; **p < 0.01. N=6-7 fish per group at each 796 
sampling time. 797 
 798 
Fig. 5. Comparative expression profiles of CXC chemokines in brown trout during 799 
septicaemic infections. Kidney and spleen were screened after 1, 3, 7 and 14 days post 800 
experimental viral (VHSV) or bacterial (Yersinia ruckeri) infections: (A & B) CXCL12; (C 801 
& D) CXCL13; (E & F) CXCL14. RT-qPCR detected transcript levels were normalised to 802 
the expression of a reference gene, S. trutta EF-1α, and presented as group means (+ SEM). 803 
The p-value of a LSD post hoc test between the infected group and the corresponding control 804 
(not shown in the graph) is shown above the bars as: *p < 0.05; **p < 0.01. N=6-7 fish per 805 
group at each sampling time. 806 
 807 
Fig. 6. Comparative correlation profiles between CXC chemokines with the expression 808 
of IFN-γ during VHS. Results from brown trout kidney (▲) and spleen () infected with 809 
VHSV, including their uninfected controls, were correlated to IFN-γ expression from the 810 
same tissue sample. Pearson correlation r coefficients are considered significant at *p < 0.05; 811 
CXC chemokine modulation in infected brown trout 
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**p < 0.01 (2-tailed). (A) CXCL_F1; (B) CXCL_F2; (C) CXCL_F4; (D) CXCL_F5; (E) 812 
CXCL8_L1; (F) CXCL11_L1; (G) CXCL11_L2; (H) CXCL12; (I) CXCL13; (J) CXCL14. 813 
N = 50 fish. 814 
 815 
Fig. 7. Comparative correlation profiles between CXC chemokines with the expression 816 
of IFN-γ during ERM. Results from brown trout kidney (▲) and spleen () infected with 817 
Yersinia ruckeri, including their uninfected controls, were correlated to IFN-γ expression 818 
from the same tissue sample. Pearson correlation r coefficients are considered significant at 819 
*p < 0.05; **p < 0.01 (2-tailed). (A) CXCL_F1; (B) CXCL_F2; (C) CXCL_F4; (D) 820 
CXCL_F5; (E) CXCL8_L1; (F) CXCL11_L1; (G) CXCL11_L2; (H) CXCL12; (I) 821 
CXCL13; (J) CXCL14. N = 50 fish. 822 
 823 
Suppl. Fig. 1. Histopathology screening of brown trout after experimental septicaemic 824 
infections: with VHSV-Ia (A & B) or Yersinia ruckeri (C & D). (A) Mesonephros with 825 
haemo-lymphopoietic tissue depletion, MMC degranulation, focal haemorrhaging and 826 
necrotic degeneration extending to tubules and glomeruli. 10X. (B) Spleen serositis and 827 
haemorrhagic appearance with diffuse splenocyte necrosis. 10X. (C) Intraglomerular Gram 828 
negative rod-shaped bacteria (arrow) from mesonephros. 60X. (D) Diffuse haemorrhagic 829 
appearance of the spleen with lymphocytosis. 10X. All stained H&E. Bar = 100µm. 830 
 831 
Suppl. Table 1. Average Delta Cq values (average Cq gene of interest – average Cq reference 832 
gene (Salmo trutta EF-1α)) of the control fish kidney and spleen samples over time post sham 833 
infection. N = 6 fish at each sampling time. 834 
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